In the present investigation, the concentration of heavy metals (As, Ba, Fe, Hg, Mn, Ni, Pb, Zn) in pond and stream water samples near abandoned barite mines have been studied. The main objective of study was to appraise the degree of contamination and human risk assessment due to barite mining. Results showed that the average concentrations of Fe, Hg and Pb were above the required standard. This indicates anthropogenic inputs from barite mining activities. The mean concentrations of Ba, Hg, Mn, Ni, Pb and Zn were higher in pond water compared to stream water. Contamination index and Nemerow pollution index indicated contamination at some mine sites, while human health risk assessment indicated unacceptable risk (hazard index (HI) values > 1) for non-carcinogenic adverse health effect. The cancer risk of being exposed to Arsenic by drinking water from these sources did not exceed the acceptable risk of 1:10,000 for regulatory purposes.
Introduction
In recent years, considerable attention has been shifted towards barite mining in Nigeria due to Federal Government's policy of using local raw materials. This resulted in many legal and illegal mining of barite, a major component used in the oil and gas industry in Nigeria. The mining and processing of barite generates vast quantities of mine rocks and mine tailings. Barite has been mined near communities in Cross River State (southeastern Nigeria). These abandoned mine sites constitute some of the largest barite mines in Nigeria. The occurrence and exploitation of barite potentially threatens nearby water resources due to leachate from the waste. Mine waste can generate elevated levels of sulphates, metals and acidity. Unless mine waste sites are protected from oxidation and metal release, these sites represent sources of environmental contamination and risk to human health (Suresh et al., 2007) .
In the last few years, an industrial revolution has been noticed all over the globe. As a result of this rapid development, heavy metals have been discharged into the pristine environment. Thus mining and release of heavy metals into the environment is one of the most important threats to their degradation, because most of these metals are very toxic to humans, especially when they exceed the maximum admissible values set by international organizations including WHO, EPA, etc. Recently, sediment quality has been used as an important indicator of pollution (Zarei et al., 2014) since they are considered as a major sink for various pollutants. In addition, sediments are normally mixtures of several components and they can play a significant role in remobilization of contaminants in aquatic systems and interactions between water and sediments (Zarei et al., 2014) .
Generally, most studies on barite occurrence are focused on the geological, mineralogical and structural aspects (Boye, 1972; Whitehead and Macdonald, 1998; Adamu, 2000 Adamu, , 2011 Egeh et al., 2004; Akpeke, 2008; Oden, 2012) rather than environmental aspect. Besides, the process of barite prospecting was done in the area without due process and consideration to environmental management. In addition, these barite mines were abandoned without proper demobilization, remediation and restoration of the environment. Therefore, there is the need to carry out a geochemical study in abandoned barite mining areas in order to (i) document the effects of barite mining on potable water sources and (ii) consider the risk to human health by heavy metals through drinking water pathway. Besides, the inhabitants of these areas use water from ponds within the mine areas and nearby streams for their domestic and agricultural purposes.
Environmental pollution from mining activities has continued to generate unpleasant implications for health and economic development all over the world (Adamu, 2000; Adiuku-Brown and Ogezi, 1991; Chukwuma, 1995) . Despite the public and international agencies policy focus on this problem, the situation in Nigeria seems degenerating and therefore demands increased attention. So far, there are no clear formulated policies in Nigeria aimed at coordinating and monitoring the relationship between environmental management and sustainable development (NEST, 1995; Bell and Rusell, 2002) . The objectives of this study were (i) to assess the level of heavy metals in ponds and streams within and near abandoned barite mining sites and (ii) appraise the degree of contamination and human risk assessment of the pond and stream water.
Study area description

Geographic setting
Six abandoned barite mine sites at Nde, Alese, Okumurutet, Iyametet, Akpet I and Ibogo (Cross River State, Nigeria, Fig. 1 ) were studied. These sites are located between latitudes 05 • 30 -06 • 10 North and longitudes 08 • 00 -08 • 50 East. The mine areas are situated within the subequatorial -climate zone of Nigeria with a total annual rainfall of between 1800 and 2000 mm, and annual temperature ranging from 25 to 30 • C (Iloeje, 1999) . The relief of the study area varies from 100 m in the north to more than 500 m above sea level in the south. The area is drained by tributaries of Cross River (Fig. 1 ).
Geologic setting and barite mineralization
The geology of the study area falls within parts of the Precambrian Basement Complex, of Oban Massif and the Cretaceous sediments of Mamfe Embayment (Fig. 1) . Rocks of the Oban Massif are mainly of igneous and metamorphic origin (phyllites, schists, gneisses, amphibolites, pegmatites, granites, granodiorites tonalities, monazites, dolerites, and charnockites; Rahman et al., 1981; Ekwueme et al., 1995) . The basement rocks are overlain by sedimentary Ezillo Formation and Amaseri Sandstone (Eze Aku Group) and the Mamfe Formation (Asu River Group). The rock sequence of the Mamfe Formation consists of sandstones and mudstones, while the Ezillo Formation consists of shale with sandstone, siltstone and limestone intercalations. The Amaseri Sandstone overlying the Ezillo Formation is composed of shale, calcareous shale and sandstone (Ekwueme et al., 1995) . The stratigraphic units are presented in Fig. 2 .
In the area, barite mineralization occurs as veins and bedded deposits of over 200 km long trending in N-S and NE-SW directions (Oden, 2012) . These deposits occur in association with sulphide, carbonate and Fe-Al-oxide minerals (Akpeke, 2008) . The deposits are of hydrothermal type of mineralization, hosted in schists, phyllites, shales and sandstones (Adamu, 2000 (Adamu, , 2011 Egeh et al., 2004; Akpeke, 2008) . The mine sites at Nde, Alese, Okumurutet and Iyametet mines are located in the Mamfe Embayment Sedimentary basin, designated as Group I (GP I) in this study. The abandoned mine sites at Akpet 1 and Ibogo are located in the Preccambrian age Oban massif crystalline basement and are designated as Group 2, GP 2 (Table 1) .
Characteristics of mine sites
Sandstone area
The Nde abandoned mine is the largest of all the mines that was studied. The mine has an estimated area of 340,800 m2 (Table 1) . Nde area is dominated by sandstones. The depth of mine pits ranged from 5 to 20 m with widths of between 1 and 6 m (Adamu, 2011) . Barite mining took place at Nde between 2000 and 2007 at an estimated production rate of 4,089,600 kg/annum (Table 1) . The sediments at Nde consisted of silty sand. The site geology at Alese is similar to that of Nde, except that the shale and limestone are thicker with thinner sandstone beds. Two major barite veins were encountered at Alese with depth range of 15-40 m and width of between 2 and 6 m. The Alese mine area is approximately 140,000 m2 in size with an estimated production capacity of about 1,680,000 kg/annum (Table 1) . The sediments at Alese consisted of silty sand.
Shale area
The main lithologic unit at Okumeritet is black, baked, fractured shales that are intruded by dolerite sills. The barite vein here trends in north-south direction, while the mined area is approximately 15,000m2 in size with estimated production capacity of 180,000 kg/annum. Iyametet mine is situated at the break of hill slope near Lokpai River. The geology is similar to that of Okurumetet. The barite deposits at Iyametet trend in a north-south direction with an estimated area and production capacity of 11,250 m2 and 135,000 kg/annum (Table 1) .
Basement area
Akpet I lie within the Precambrian basement rocks. Gneiss, schist and granodiorite are the predominant rocks in the area covering an estimated area of 104,800 m2. Ibogo mine constitutes the south most mine area occupying an estimated area of 68,700 m2 with annual barite production of 824,400 kg/annum. Ibogo lies within the Precambrian Basement Complex, with schist, phyllite and pegmatite as the major rock types.
Materials and methods
Sampling and analysis
Water samples for analysis were obtained from ponds located within six abandoned barite mine sites and streams in the vicinity of these mine sites. In all, 60 water samples were collected comprising 12 samples from six mine ponds and 48 samples from six streams (12 water samples) and 8 samples from each adjoining stream near each mine site (48 samples) during two sampling campaign periods comprising wet (July 2009) and dry (February, 2010) seasons. Several analyses such as temperature, total dissolved solids (TDS), pH, and total suspended solids (TSS) were carried out on-site. All the samples were collected in low density polyethylene bottles and filtered in the laboratory through 0.45-m memebrane. The water samples were preserved by acidifying to pH <2 with 0.5 ml concentrated HNO 3 acid for trace elements analysis.
Heavy metals contents were determined using inductively coupled plasma-mass spectrometry (ICP-MS) at Acme Laboratory Limited, Vancouver Canada. The statistical evaluations (descriptive statistics, correlation and factor analysis) were carried out using the computer software, STATISTICA ® .
Assessment of environmental impacts
Water in the mine ponds and adjoining streams are used for drinking, domestic, fishing and irrigation purposes. It is worth noting in mine areas such as the present study area, inhabitants and animals are likely to accumulate potential toxic elements through ingesting mine tailings (Alloway, 1990; Azcue, 1999) and drinking of contaminated waters (Adamu, 2000; Adiuku-Brown and Ogezi, 1991) as well as feeding on fish from contaminated streams (Adamu, 2011) . This may therefore have some health implications on the humans and animals through bioaccumulation and biomagnifications (Keller, 1981; Siegel, 2002) . However, toxicological Ekwueme et al. (1995) . investigation was not conducted on crops, human and animal tissues. Contamination index here has been used to identify the enrichment of heavy metals with respect to the maximum admissible limit (MAL) standards (SON, 2007; WHO, 2008) . Where there was a discrepancy between the SON (SON, 2007) and WHO (WHO, 2008) values, the average was computed (e.g. Mn = 0.3 mg/l and Ni = 0.045 mg/l). The contamination indexes for the potentially toxic elements (PTEs) in the pond and stream water have been calculated as in Eq. (1):
( 1) where CI z is contamination index and numerator determined concentration of As ij , Ba ij , Fe ij , Hg ij , Mn ij , Ni ij , Pb ij and Zn ij at each sampling site for wet and dry seasons (60 samples). The concentrations of elements are given in Table 2 . Contamination index is classified as CI > 5 (contaminated), CI 1-5 (slightly contaminated) and CI < 1 (not contaminated).
To further determine the magnitude contribution of each metal to toxicity of the area, the single factor index (Nemerow pollution index, Yang et al., 2013) was applied. The single-factor pollution index can evaluate the pollution of single contamination and is used to establish water quality parameters. The Nemerow pollution index is widely applied to reflect the total pollution level and evaluate environmental quality. The Nemerow pollution index is calculated as follows:
where P is the Nemerow pollution index; P ij is the pollution index of the ith potentially toxic element (PTE) in a particular water sample j; C ij is the measured concentration of the ith PTE in a particular water sample j and S i is the required standard of the ith PTE (Yang et al., 2013) . P max and P ave are respectively the maximum and average values of the pollution indices of all the PTE. P indicates the pollution gradation: P ≤ 1, water has not been contaminated; 1 < P ≤ 2, water has been slightly contaminated; 2 < P ≤ 3, water has been moderately contaminated; P > 3 water has been severely contaminated.
Risk assessment
Risk assessment is a function of hazard and exposure and is defined as the process of estimating the probability of occurrence of an event and the probable magnitude of adverse health effects on human exposures to environmental hazards over a specified time period (NRC, 1983; Kolluru et al., 1996; Paustenbach, 2002; Wongsasuluk et al., 2014) . According to Lee et al. (2005) , risk assessment consists of hazard identification, exposure assessment, dose response (toxicity) and risk characterization. The health risk assessment of each potentially toxic metal is usually based Table 3 The tocixity responses to heavy metals as the oral reference dose (RfD) and oral slope factor (SF). on the quantification of the risk level and is expressed in terms of a carcinogenic or a non-carcinogenic health risk. Two toxicity risk indices reported are the slope factor (SF) for carcinogen risk characterization and the reference dose (RfD) for non-carcinogen characterization (Lim et al., 2008) . These ones are shown in Table 3 for each PTE. The estimations of the magnitude, frequency and duration of human exposure to each PTE in the environment are reported as average daily dose, ADD (Siriwong, 2006) for each water sample as:
where ADD is the exposure duration (mg/kg-day), C is the concentration of the contaminant in pond and stream water (mg/l), IR is the ingestion rate per unit time (L/day), ED is the exposure duration (years), EF is the exposure frequency (days/year), BW is body weight (kg), AT is the average time (years). The principal exposure factors that have been taken into account to carry out the risk assessment calculations are shown in Table 4 . The health risk from pond and stream water consumption was assessed in relation to its non-carcinogenic as well as carcinogenic effects based on the calculation of ADD estimates and defined toxicity for each PTE according to the following relationships. The non-carcinogenic was computed as:
where ADD and RfD are in mg/kg-day. If HQ exceeds 1.0, there is unacceptable risk of adverse non-carcinogenic effects on health, while if HQ < 1.0, it is an acceptable level of risk (Lim et al., 2008) . The risk assessments of a mixture of chemicals, the individual HQs are summed to form hazard index (HI):
An HI > 1 means an unacceptable risk of non-carcinogenic effects on health, while HI < 1 means an acceptable level of risk (Lim et al., 2008) .
The carcinogenic risk can be calculated as product of ADD (mg/kg-day) times the SF (mg/kg/day). An acceptable value is ≤1 × 10 −6 , which means on average the probability is that approximately 1 per 1,000,000 will develop cancer as a consequence of the exposure (Lim et al., 2008) . The risks of cancer are expressed in terms of the probability that one may develop cancer at a given lifetime exposure level. The cancer risk probability is determined from the slope factor (SF) of the dose-response curve in the low-dose region where relationship between the exposure dose (measured in mg/kg BW/day) and response (measured in terms of developing cancer) is assumed to be linear. Mathematically, the SF denotes the probability of developing cancer per unit exposure level of mg/kg/day and its values may be obtained from the IRIS database (Lim et al., 2008) as presented in Table 3 . The life time exposure level (ADD life ) is arrived by prorating the exposure incurred over the exposure duration over the expected life span. According to the IRIS database a slope factor has only been derived for As. Cancer risk is then calculated as follows (Kolluru et al., 1996; Wongsasuluk et al., 2014) :
4. Results and discussion
Overview of pond and stream water quality
Details of the sample locations and results for wet and dry seasons are presented in Table 2 . The data show that each location was sampled twice to cover the different seasons. The summary descriptive statistics of physical parameters (Adamu et al., 2014) and trace elements for the pond and stream water for the entire study period are given in Table 5 . The average temperatures for pond (PW) and stream (SW) water samples were 29.2 • and 29.24 • C, respectively. The pond -and stream water were moderately acidic with mean pH values of 5.50 for pond water (PW) and 5.86 for stream water (SW). These mean pH values are not within recommended standard for drinking and domestic purposes of 6.5-8.5 (WHO, 2008) . The total dissolved solids (TDS) ranged from 30 to 430 mg/l for PW and from 40 to 410 mg/l for SW. These values of TDS are within the stipulated standards of 1000 mg/l for drinking and domestic purposes (WHO, 2008) . The mean values of colour/TSS were 154.08 Pt Co/95.54 mg/l for PW and 165.40Pt Co/259.28 mg/l for SW. High colour in SW relative to PW is due to the fact that PW are mainly from the mine site, while SW includes water from the mine sites in addition to activities. These activities include runoff from agricultural lands, bush burning areas, etc.
The mean values for colour for the different water types exceeded 15Pt Co, the standard value for water potability. Dissolved oxygen values were low (<5.0 mg/l) ranging from 2.0 to 4.6 mg/l for PW and from 1.2 to 5.0 mg/l for SW. The average value of hardness for the two water types were below <75.0 mg/l indicating soft water. The different water types are fresh with electrical conductivity (EC) and total dissolved solids (TDS) within the WHO (Yang et al., 2013) limits of 1400 S/cm [EC] and 1000 mg/l [TDS] respectively for drinking and domestic use.
The abundance of the heavy metals on the average in the pond water was Fe > Ba > Pb > Zn > Mn > Hg > Ni > As, while for stream water the trend was Fe > Ba > Mn > Zn > Pb > Hg > Ni > As (Table 5 ). The trend is attributed to the different degree of exposure of rocks and different rates of weathering.
Seasonal variations of physical parameters and heavy metals
The descriptive statistics values of physical parameters (Adamu et al., 2014) and trace elements for the pond and stream water for different sampling seasons are presented in Table 6 . The average temperature of the water samples in the dry season (DS) were higher compared to the wet season (WS). The high values of temperature for the dry season are consistent with atmospheric temperature during the sampling period and reflected local climatic conditions. The average values of colour were higher in the WS relative to the DS. This is due to the fact that high volume of surface Adapted from Baldi et al. (1996) . runoff, which carries a of debris in the wet season compared to the dry season. This in addition, makes the water to be dirty, muddy with high sediment load. The average values of pH displayed acidic nature throughout the different sampling periods. Acidic nature of water is related to atmospheric and soil CO 2 , decaying organic matter and composition of mine dump sites (Baldi et al., 1996) . The water samples were characterized by low mineralization with total dissolved solids generally less than 1000 mg/l. TDS of the water samples were higher in DS. High TDS values in the dry season are attributed to the effects of evaporation in dry season and low values due to dilution in the wet season. Higher concentration of TSS were recorded in wet season, reflecting high discharge and draining of mine waste areas and ponds into the drainage systems of the abandoned barite mine areas.
The average concentrations of all the metals (As, Ba, Fe, Hg, Mn, Ni, Pb and Zn) were higher in pond water compared to stream water in wet season. Also the concentrations of Ba, Mn, Ni, Pb and Zn were higher in the pond water in dry season. On the other hand, Fe and Hg concentrations were lower in the dry season in pond water compared to stream water samples. As stated earlier, higher concentration of trace elements in the pond water indicates higher dissolution of minerals by pond water due to variations in geochemical parameters. The higher values in dry season could be attributed to the higher temperature leading to evaporation and concentration of ions in solution (Hem, 1985; Singh et al., 2005) . On the other hand, lower concentrations of heavy metals obtained in wet season are attributed to the high surface runoff in the wet season leading to dilution and dispersion of trace elements (Maila et al., 2004) .
Spatial variations of parameters
The statistical summary of physical parameters (Baldi et al., 1996) and heavy metals with respect to different geologic areas are given in Table 7 . The average values of TDS/EC and most of the trace elements (As, Ba, Fe, Hg, and Zn) are higher in pond water samples from GP 2 relative to GP 1 across the two seasons. However, the average concentrations of Mn, Ni and Pb were higher in pond water samples from GP 1 relative to GP 2. It is also noted that concentration of Fe was similar for pond water in both sedimentary (GP 1) and basement (GP 2) areas.
On the other hand, in respect of stream water, the concentrations of TDS/EC, As, Mn, Ni and Pb were higher in GP 1 relative to GP 2, while the reverse was the case in respect of Ba, Fe, Hg and Zn. Considering the different mine sites, for pond water, no defined patterns of metal distribution in terms of highest and lowest concentration was observed for GP 1. However, for GP 2, highest concentrations for some metals (Ba, Fe, Hg, Mn and Zn) were recorded at Ibogo, a basement site. The stream water followed the same pattern of distribution (Table 8 ). The reason for these differences is that minerals are easily weathered from sedimentary rocks of Mamfe Embayment (GP1). The spatio-temporal variations of the heavy metals were related to variations in flow regimes, seasons and magnitude of mine waste generated (Adamu et al., 2003; Nganje et al., 2010) .
Association between elements and sources of elements
Pearson correlation analysis showed significant correlation (P < 0.05) of pH with Zn; EC/TDS with Ni, Mn, Pb; Ba with Fe, Hg; Fe with Hg; Mn with Ni, Pb and Pb with Zn (Table 9) . Generally, the correlations between other variables were weak (r ≤±0.30) and not significant (P > 0.05). Poor correlation was attributed to differences in sources of materials and geochemical behaviour of parameters Baldi et al. (1996) . b See Table 5 for explanation on abbreviations. GP 1 -Sedimentary, GP 2 -Basement. Baldi et al. (1996) . b See Table 5 for explanation on abbreviations. Bold correlations are significant at p < 0.05000. (Cox, 1995; Edet et al., 2003; Florea et al., 2005; Bhattacharya et al., 2006) . R-mode factor analysis highlighted five factors with eigenvalues >1 and explained 66.22% of total variance in water quality parameters (Table 10) . Factor 1 account for 20.95% of data variance with positive loadings on TDS/EC and HT. This was related to natural geochemical processes (mineral dissolution) that released these elements into the hydrological system with attendant increase in ionic concentration and TDS. Factor 2 accounts for 13.67% of data variance with strong positive loadings on Ba, Fe and Hg due to anthropogenic process of barite mining activities (Akpeke, 2008) . High loading for Fe in factor 2 is attributed to geogenic processes. Factor 3 accounts for 13.45% of data variance with strong negative loadings on temperature and positive dissolved oxygen. The factor was interpreted to be related to biological process. Factor 4 showed significant positive loadings on Pb and Zn explained 10.02% of total data variance. It is interpreted as reflective of hydrochemical processes (weathering, hydrolysis, leaching, dilution and evaporation) controlling metal distribution of elements in the water. Factor 5 with negative loading for As and Mn explained 8.13%. This is due to natural geochemical processes (weathering and mineral dissolution) Bold correlations are significant at p > 0.70000.
Contamination assessment
The average levels of parameters in comparison with maximum admissible levels (MAL) for drinking water by SON (2007) and WHO (2008) are presented in Table 5 . The Table 1 shows that average concentrations of pH, DO, Fe, Mn, Hg and Pb in pond-and stream water are not within the prescribed MAL standards. Elevated concentration of elements as a result of contamination can be measured in a number of ways. Nishida et al. (1982) and Sundaray et al. (2011) produced pollution index and enrichment ratio respectively (called contamination index, CI in this study).
The contamination class for each site is presented in Table 11 . Comparatively, high average values of CI (>5) indicating high contamination are obtained from Nde, Iyametet (PW) and Ibogo (SW). These are related to anthropogenic activities and probably responsible for relatively high enrichment of Mn, Ni, Pb and Zn. This is supported by the fact that the pond water are highly contaminated relative to the stream water.
The Nemerow single-factor pollution indices (P i ) are summarized in Table 12 . The averaged P i values ranked as follows Fe > Pb > Ba > Zn > Mn > Hg > Ni > As for pond water and Fe > Ba > Mn > Pb > Zn > Hg > Ni > As for stream water. The P i further indicated that the ponds and stream waters were strongly contaminated with Fe, Hg and Pb. Table 13 summarizes the outcomes of the ADD estimates for As, Hg, Ni, Pb and Zn with pond and stream ways. The HQ values for As, Hg, Ni, Pb and Zn were all <1. The human risk assessment of As, Hg, Ni, Pb, and Zn showed HQ values suggesting an acceptable level of non-carcinogenic adverse health risk (Table 14) in majority of the cases. However, HQ values show unacceptable risk for Hg (at Nde, Iyametet, Akpet I and Ibogo) and Hg, Pb (at Nde, Okumeritet and Iyametet) in pond water. Hg and Pb also showed unacceptable risk for in stream water at Okumeritet. This is consistent with the absence of any reported significant non carcinogenic risk from these PTEs by oral exposure. The HI values of all the PTEs (As, Hg, Ni, Pb, Zn) ranged from 0.515 to 11.128 for pond water and from 0.293 to 4.851 for stream water. The HI values for pond water at Nde, Alese, Okumeritet, Iyametet, Akpet I and Ibogo were >1. Also, the stream water at Nde, Alese, Okumeritet and Ibogo showed HI values >1, indicating unacceptable risk for non-carcinogenic adverse health effect.
For the study area, only As is a carcinogen. The mean cancer risks of being exposed to As by the drinking water ranges from 0 to 5.53 × 10 −6 (PW) and from 0 to 7.60 × 10 −5 (SW) ( Table 14) . The As cancer risk through drinking water does not exceed the acceptable risk of 1 in 10,000 (0.0001) for regulatory purposes.
Summary and conclusion
The present investigation was to appraise the degree of contamination and human risk assessment due to abandoned barite mine sites. The study has shown varying trends of contamination by different elements based on two methods, Contamination index and Nemerow pollution index, while human health risk assessment indicated the health risk through drinking water from the ponds and streams in the area. The study is summarized as follows:
1. The average concentration of Fe, Hg, and Pb were above the required standards and despite the fact that the average concentration of As, Ba, Mn, Ni and Zn were below required standards, the mining activities at all sites impacted the sediments quality. 2. The mean concentrations of Ba, Fe, Hg, Mn, Ni, Pb and Zn were higher in pond water compared to stream water in wet season. 3. Fe, Hg, Mn, Ni, Pb, and Zn were higher in pond water samples from sedimentary relative to basement across different seasons. However, the mean concentrations of As, Ba, Pb and Fe were higher in pond water samples from basement area compared to sedimentary area. On the other hand, in respect of stream water, Hg, Mn, Ni and Pb are higher in sedimentary area relative to basement area, while the reverse is the case for As, Ba, Fe and Zn. 4. Factor analysis indicated four factors have been interpreted to be related to natural input from parent material (weathering and mineral dissolution), anthropogenic activities, biological process and geogenic (hydrochemical) processes controlling metal distribution(weathering, hydrolysis, leaching, dilution and evaporation). 5. Contamination index showed contaminated pond water at Nde and Iyametet, while Nemerow pollution index, P i indicated that the ponds and stream waters are strongly contaminated with Fe, Hg and Pb 6. The human risk assessment of some heavy metals (As, Hg, Ni, Pb, and Zn) showed hazard quotient (HQ) and Hazard index (HI) values suggesting an acceptable level of non-carcinogenic adverse health risk with values <1. However, Hg and Pb for some locations showed HQ values >1, indicating an unacceptable non carcinogenic health risk in these locations. These locations are Nde, Iyametet, Akpet I and Ibogo) for Hg and Nde, Okumeritet and Iyametet for Pb 7. The cancer risk of As through drinking water is within acceptable risk.
It can therefore be concluded that barite mining has caused pollution by Fe, Hg and Pb of ponds and streams in abandoned mine areas of the study area. The pollution due to barite mining hss not been attention compared to ore minerals, especially in low income country. This study is expected to led to the formulation of clear policies in Nigeria in particular and the world at large on environmental management and sustainable development due to barite mining.
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